We present the design, and prototype phases of the intermediate frequency (IF) system for the upcoming balloon borne observatory, Galactic/Extragalactic Ultra-Long Duration Balloon (ULDB) Spectroscopic Terahertz Observatory (GUSTO). GUSTO is a multi-organizational project whose goal is to address several key unanswered questions concerning all of the phases of the stellar life cycle within the Interstellar Medium (ISM). Using the NASA ULDB system for its platform, GUSTO will employ on-the-fly mapping techniques to scan a total of 124 square degrees of the Milky Way and Large Magellanic Cloud (LMC). GUSTO will survey the three brightest cooling lines in the Milky Way and the LMC. These lines are [CII], [OI], and [NII] corresponding to the three wavelengths of 158, 63, and 205 micron respectively. The completed survey will provide higher angular, and velocity resolution than that of previous surveys of [CII], [OI], and [NII]. These lines will be measured using three 8-pixel heterodyne arrays, each one dedicated to an individual cooling line, and all working together to make a 24-pixel focal plane. The GUSTO IF system is being designed to operate at low power consumption and high sensitivity all in a compact and lightweight package. The IF system will include a wideband 0.3 -5 GHz, cryogenic, low noise amplifier (LNA), which will boost the IF output of a superconducting hot electron bolometer (HEB) mixer. The LNA was designed with commercial, off the shelf SiGe heterojunction bipolar transistors, and surface mount passive components. The LNA design has been optimized for low power consumption, and for sensitivity. The input impedance of the LNA is matched to the output impedance of the mixer over a wide range of frequencies to reduce reflections, and standing waves. Warm IF electronics have also been designed using commercial, off the shelf, surface mount SiGe transistors in order to achieve a high, and flat gain (>50dB) over the entire bandwidth. These components provide variable gain and deliver an optimum signal level to the analog to digital converter of the backend spectrometer. The warm IF components were optimized for wide bandwidth, low power consumption, as well as reliability, and fit in a compact package. Commercially fabricated custom flexible printed circuit boards are being used for multi-channel stripline-based transmission lines, instead of the traditional stainless steel cryogenic semi-rigid coaxial cables. Replacing coaxial cables with the flexible printed circuit boards allows us to transmit through up to 16 lines on a single flex circuit, without losing performance, and furthering the design goal of providing a compact/lightweight solution. Each of the components used in this IF system will undergo rigorous qualification testing, and documentation in accordance with a NASA Class-D balloon mission. We discuss the design challenges in adapting cryogenic, and warm IF electronics to operate for an ultra long duration balloon mission.
INTRODUCTION
Molecular clouds are of interest in astronomy because they house star forming regions. The clouds provide areas of space where stellar material can coalesce without being disturbed by outside radiation and serve as raw material for these stellar nurseries. Molecular clouds are opaque to most forms of radiation, even infrared radiation can only give details about the surrounding dust layers. Observations at higher frequencies are needed to probe the heart of molecular clouds, and finally capture data of actual star formation and the earliest phases of the stellar life cycle. Making use of previous advancements in high frequency, THz technology, balloon missions like GUSTO may be our best chance at completing our understanding of stellar life cycles.
GUSTO is the Galactic/Extragalactic Ultra Long Duration Balloon Spectroscopic-Stratospheric Terahertz Observatory, 1 a balloon-borne telescope that will map parts of the Milky Way (MW), and Large Magellanic Clouds (LMC). GUSTO is a NASA funded mission. It is being designed and built by a large collaboration of universities, and industry partners, lead by the University of Arizona. The main goals of GUSTO are:
1. Determine the life cycle of interstellar gas in our Galaxy.
2. Witness destruction, and formation of star forming clouds.
3. Understand the dynamics and gas flow into and within the galactic center.
4. Understand the interplay among star formation, stellar winds and radiation, and the structure of the ISM in the Large Magellenic Clouds (LMC).
5. Construct MW, and LMC templates for comparison to distant galaxies.
The three brightest cooling lines in the ISM are the fine structure transitions [CII], [OI] , and [NII] . These transitions correspond to wavelengths of 158 µm (1.89 THz), 63 µm (4.75 THz), and 205 µm (1.46 THz) respectively. The high frequencies of these cooling lines fall under the band of the electromagnetic spectrum that ranges from 0.1 -10 THz known as the THz gap. Most of the instruments that operate within the THz gap require cryogenics and specific types of transmission lines in order to send or receive signals. This makes them more difficult to fabricate than traditional read-out electronics like those used for other spectroscopy regimes. Furthermore the atmosphere is opaque at THz frequencies making ground based observations impossible. For these reasons THz, or submilimeter astronomy is ideally carried out by space-based telescopes however, the associated costs are often too high. An effective alternative is to deploy a balloon observatory which can reach high altitudes and obtain extensive data at a more accessible cost than that of space hardware.
GUSTO will be launched from Antarctica in 2021, and will be airborne for a period greater than 100 days. The operating flight altitude of the mission is 33 km, where it will virtually be above the THz interference of Earth's atmosphere. During its mission GUSTO will use on the fly mapping techniques to achieve a high resolution survey of our galaxy and the LMC. Arizona State University's contribution to this project is the design, and fabrication of the intermediate frequency (IF) system which will down-convert the THz signals into lower frequencies that can be reliably processed by electronics.
GUSTO will make use of heterodyne techniques. This requires an incoming high frequency signal to be convolved, or mixed, with a user provided signal of similar frequency via a local oscillator (LO). The mixing of the incoming signal (in this case light from distant sources commonly referred to as sky beams) with an LO signal will create a modulated response. The response is filtered so that only frequencies which are the difference between incident sky beam, and LO power are collected. The resulting signal is known as an intermediate frequency (IF). Here we are presenting the current prototype of the GUSTO IF system components. We highlight the unique design challenges, and the proposed methods for overcoming them.
DESIGN 2.1 Cryogenic Wideband Low Noise Amplifier
Since the incoming signals are generally very weak by the time they reach the instruments, there is a need to amplify the incident power. Ideally that power amplification will be stable over the desired bandwidth and introduce as little noise, or uncertainty in the incoming signal as possible. For that reason IF systems use low noise amplifiers (LNAs) in several parts of the signal chain. GUSTO will use LNAs operating over a bandwidth of 0.3 -5 GHz. This will cover the IF of all three spectrometers on the instrument. These amplifiers must also deliver low noise because of the relatively high conversion loss of HEB mixers, and also offer good input map to prevent electrothermal feedback issues between the LNA and mixer.
The cryogenic LNAs for the GUSTO IF system are being designed to achieve a gain of 25 dB or more. They need to fit in a light weight packaging that provides a small form factor. They also need to perform over a wide bandwidth at cryogenic temperatures with low power consumption. The current model LNA designed and built at ASU 2 offers a gain of 25 dB at 2 mW power consumption, as well as a gain of 30 dB at 3.6 mW when at cryogenic temperature. The gain is flat for nearly the entire 5 GHz IF bandwidth. The LNAs were tested at 300 K, and at 10 K. For a gain of over 30 dB, power consumption at cryogenic temperatures for a single LNA is 6.75 mW. These devices are currently available in a small single unit enclosure shown in figure 1 , and an 8 unit enclosure is being made for GUSTO for each of its 8 pixel arrays, which is discussed in section 2.3. Figures 2-3 are the simulated and measured data of the cryogenic LNA at temperature T = 300 K, and 10 K respectively. Figure 4 shows the gain of the LNA at T = 10 K, at 3.3 mW power dissipation and the noise temperature generated by the LNA, which is ≤ 10 K for the majority of the frequency range. 
Warm IF Low Noise Amplifier
The warm IF components for GUSTO were designed using commercial off the shelf (COTS) SiGe transistors. COTS variable attenuators and surface mounted capacitors were also used to completed the custom made printed circuit board seen in figure 5. The warm LNAs are matched to 50 Ω. The PCB makes use of ground vias along signal traces to prevent interference. Figure 6 shows the simulated S-parameters for the warm LNA. The design is viable for up to 8 GHz. Gain as high as 50 dB is achievable for most of the GUSTO 5 GHz IF.
Enclosures Housing
The LNAs for each of GUSTO's three 8-pixel heterodyne arrays will have specially designed enclosure housings. These enclosures will include 8 LNAs and a breakout board for DC and RF paths. Each individual LNA will need 4 DC lines and a single RF output. The RF paths on the breakout board will be striplines that meander from the LNA output, and terminate in a series of closely spaced SMP connectors. The SMP connectors will mirror the 217 mil channel spacing of the flexible PCB. This will serve as the attaching point for a flex circuit. A CAD model of the enclosure is shown in figure 7 . The use of the flex circuit and breakout board with embedded paths over traditional cabling enables for very compact enclosures. 
Flex Circuit
Flexible printed circuit boards with embedded stripline based transmission lines are being developed for use in place of traditional stainless steel semi-rigid coaxial cables to transmit the LNA output. The transmission lines need to be low loss and light-weight. CST simulations show these flexible circuits will incur less than 8 dB of loss at 5 GHz at T = 300 K. Previous instruments using flexible circuits at cryogenic temperatures witnessed a significant improvement in transmission with insertion loss of 1 dB or less. Simulations using cold parameters agree with previous experiments.
Stripline transmission lines consist of a narrow conducting signal trace that is surrounded with some dielectric material. The top and bottom planes of the dielectric are covered by grounding layers. The signal trace and ground will be made of copper. Since the flex circuit will interface with both warm and cryogenic IF components, having copper layers exiting the cryostat will increase the heat load. Liquid coolant is required for the GUSTO IF system for all its cryogenic components. The supply is finite since there will be no way to deliver fresh resources to the telescope in flight. To overcome the excess helium boil off due to the interface between warm and cryogenic components the flex circuit will have extremely narrow, ∼ 10 mil, grounding planes for the transmission lines. This reduces the surface area and thermal conductivity of exposed metal layers by a factor of 19 compared to a flexible circuit with a completely filled 217 mil per channel ground plane. The thermal conductivity of stainless steel is 16.3 Wm −1 K −1 while the thermal conductivity of copper is 401 Wm −1 K −1 . Taking into consideration the cross sectional areas of a UT 85 stainless steel -stainless steel coax cable and a similar length stripline with copper materials we calculate the ratio:
A × kCu A× kSS = 0.18. Despite the fact that stainless steel has the better thermal conductivity, the stripline is able to conduct 18 % of the heat of a coax cable due to its smaller surface area. The improved heat load and the fact that flex circuits are less rigid and lower loss than coax further supports the design goals of a compact IF system. The stack-up for the flexible circuit consists of several different component layers. There are front and back copper ground layers that are each 0.8 mils thick. The front and back copper layers are stripped down to narrow 10 mil channels that serve as grounding for the individual striplines. The striplines are 0.8 mils in thickness and 3 mil wide and also made of copper. They are spaced 217 mils apart. The dielectric substrate material for the striplines is 4 mil thick DUPONT AP8545. An adhesive layer of LF0200, which has the same dielectric constant as AP8545, will be used to join the substrate layers to the signal traces. The bottom of the flex circuit will have a layer of FR-4 to stiffen the connection sights. The FR-4 layer is 31 mils thick. The board itself will be 20 inches in length.
The flexible circuit was modeled and simulated using CST Design Studio 2018. At 300 K, the insertion loss at 5 GHz was less than 8 dB per channel. Parameter sweeps will be used to match the flex circuit to 50 Ω.
CONCLUSION
The GUSTO IF system is being designed using proven and novel concepts to meet the design goals for power gain, heat load, power consumption, and efficiency. Cryogenic LNAs can deliver variable power gain from 25 dB and up to 30 dB reliably with power consumption ranging from 2 mW to 3.6 mW. These LNAs are wideband and meet the IF bandwidth goal of 0.3 -5 GHz. These LNAs will allow for flexibility in GUSTO's final power budget. Warm LNAs will provide 50 dB of gain from entirely COTS surface mounted components. Cryogenic LNA enclosures will provide a compact and efficient housing for multiple LNAs including power and signal inputs and outputs. The flexible printed circuit board is being optimized for efficient signal and heat transfer. SMP connectors are being used to join the cryogenic LNA output to the flex circuit which will easily fit within the LNA enclosure. . CST simulated S-parameter data for a 300K flexible PCB. S21 is shown in green, S11 is in red, S31 is in blue, and S41 is in orange.
